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Janus MoSSe monolayers were recently synthesised by replacing S by Se on one side of MoS2 (or
vice versa for MoSe2). Due to the different electronegativity of S and Se these structures carry a
finite out-of-plane dipole moment. As we show here by means of density functional theory (DFT)
calculations, this intrinsic dipole leads to the formation of built-in electric fields when the monolayers
are stacked to form N -layer structures. For sufficiently thin structures (N < 4) the dipoles add up
and shift the vacuum level on the two sides of the film by ∼ N · 0.7 eV. However, for thicker
films charge transfer occurs between the outermost layers forming atomically thin n- and p-doped
electron gasses at the two surfaces. The doping concentration can be tuned between about 5 · 1012
e/cm2 and 2 · 1013 e/cm2 by varying the film thickness. The surface charges counteract the static
dipoles leading to saturation of the vacuum level shift at around 2.2 eV for N > 4. Based on band
structure calculations and the Mott-Wannier exciton model, we compute the energies of intra- and
interlayer excitons as a function of film thickness suggesting that the Janus multilayer films are
ideally suited for achieving ultrafast charge separation over atomic length scales without chemical
doping or applied electric fields. Finally, we explore a number of other potentially synthesisable
2D Janus structures with different band gaps and internal dipole moments. Our results open new
opportunities for ultrathin opto-electronic components such as tunnel diodes, photo-detectors, or
solar cells.
I. INTRODUCTION
The unique optical properties of atomically thin crys-
tals combined with the possibility to combine them into
lateral and vertical heterostructures have placed two-
dimensional (2D) materials at the forefront of photonic
and optoelectronic materials research. Among the unique
optical properties that distinguish the 2D materials from
the more conventional bulk semiconductors are their
strong light-matter interactions1–3 and pronounced ex-
citonic effects4,5. Furthermore By stacking individual
2D materials into van der Waals (vdW) heterostruc-
tures6 their optical properties can be further controlled
by engineering of the band structure7 or the dielectric
environment8,9.
While the strong excitonic effects in 2D semiconduc-
tors are of interest for some applications they can pose a
serious problem for others. This holds in particular for
photodetectors and solar cells, which rely on efficient dis-
sociation of photo-excited excitons into free electrons and
holes. For in-plane charge separation, the problem has
been overcome by forming lateral pn-junctions using split
gate techniques10,11 which creates a sufficiently large po-
tential gradient to dissociate the excitons12. For out-of-
plane device architectures, the exciton dissociation has
been achieved using hetero-bilayers, e.g. MoS2-WSe2,
with natural Type-II band alignment13,14 or by applying
an external bias voltage across a N -layer stack, e.g. five
layers of WSe215.
Here we propose a novel type of vdW bonded N -layer
structure with an intrinsic electric field in the out-of-
plane direction stemming from an out-of-plane asymme-
try and finite dipole moment of the individual monolay-
ers. Above a certain critical thickness the built-in electric
field becomes compensated by surface charges accumu-
lating at the surfaces leading to natural n- and p-doping
of the two outermost monolayers thus generating an ul-
trathin pn-junction. The electric field strength, the elec-
tronic band alignment throughout the structure, and the
doping concentration at the surface layers, can be tuned
to some extent by varying the film thickness. We show
that the build-in electric field in structures with up to
around 20 layers is sufficient to dissociate intralayer ex-
citons into interlayer excitons, which is the critical step
for achieving charge separation. Finally, we show that
these unique properties are not limited to MoSSe. In
fact, our first-principles calculations predict a number of
other stable and potentially synthesisable 2D materials
with finite dipole moments. By stacking different types
of 2D Janus structures one could potentially engineer,
not only the band edge positions but also the internal
electric field and the doping concentration at the surface
layers.
II. METHODS
All calculations have been performed with the
GPAW16 code. The in-plane lattice constant of
the monolayer MoSSe is calculated with the PBE
functional.17. In order to get an accurate description of
the interlayer distance, we use the BEEF-vdW functional
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2which includes the non-local van der Waals correction.18
We find that the calculated interlayer distance does not
change as the number of layers in the Janus structure is
increased from 2 to 3. Therefore, we take the interlayer
distance calculated for the bilayer structure as the opti-
mum distance for all the multi-layer structures. The wave
functions are expanded in a plane wave basis with an en-
ergy cutoff of 800 eV. For structural relaxations we em-
ploy a 18×18×1 Monkhorst-Pack grid.19 The PBE band
structures are calculated on very fine a 54×54×1 k-point
grid with a 800 eV plane wave cutoff and inclusion of
spin-orbit coupling. A vacuum region of 15 Å is inserted
in the perpendicular direction to separate the periodi-
cally repeated images. A Fermi smearing of 0.01 eV was
used for all the calculations.
In order to calculate the screened electron-hole inter-
action in the multilayer structures, the dielectric building
block of monolayer MoSSe is calculated following Ref.
8 to be used as input for the Quantum Electrostatic
Heterostructure (QEH) model. The calculations are
performed in the random phase approximation using
wave functions and eigenvalues from a PBE ground state
calculation with a 100×100×1 k-point grid and 800 eV
plane wave cutoff. For the density response function a
plane wave cutoff of 150 eV is used (to account for local
field effects). The in-plane exciton effective mass used
in the 2D Mott-Wannier model is calculated from the
PBE band structure and is found to be µex = 0.24m0
(for the direct exciton at the K-point), where m0 is the
free space electron mass. The dielectric constant for
bulk MoSSe (in which MoSSe layers are stacked together
as in 2H MoS2 bulk) was obtained using random phase
approximation (RPA) based on a PBE ground state
calculation. The ground state calculation of the bulk
MoSSe to be used as a starting point for the RPA
calculation was done on a 24×24×18 k-point grid using
a 800 eV plane wave cut-off. The number of bands was
set to six times the number of valence bands and we
converged 5 times the number of valence bands in the
groundstate calculation. All of these bands were used in
the RPA calculation, which had a plane wave cut-off of
125 eV.
For more details on the calculation of intra- and inter-
layer exciton binding energies from the 2D Mott-Wannier
model we refer to the detailed accounts given in Ref. 20
and 21.
III. RESULTS AND DISCUSSIONS
Janus MoSSe monolayers were recently synthesized us-
ing both controlled sulfurization of MoSe222 and sel-
enization of MoS223. Following the experimental real-
izations, a number of computational studies have con-
sidered various aspects of MoSSe monolayers including
magnetism24,25 as well as electronic, optical, and trans-
port properties26–28. One study also explored multilayers
of MoSSe and reported an observed rapid closing of the
band gap as function of the number of layers saturating
at a value around 0.1 eV for N > 3, but without provid-
ing a physical explanation for this effect29. In contrast
to these findings, we show that the Janus multilayers un-
dergo an insulator to metal transition at around N = 4,
which is driven by the internal dipole of the structure.
To obtain the equilibrium structure we have performed
density functional theory (DFT) calculations for AB
stacked MoSSe multilayer structures using the BEEF-
vdW exchange-correlation functional18 as implemented
in the GPAW electronic structure code16 (see Methods
for more details). We find in-plane lattice constant of
3.251 Å in good agreement with previous work22,23,30 and
interlayer spacings of 6.896 Å (defined as the Mo-Mo dis-
tance), which is found to be practically independent of
the number of layers in the multilayer structure. An ex-
ample of a 4 layer structure is shown in figure 2b.
The difference in electronegativity of sulfur and sele-
nium leads to the formation of a static dipole of 0.038 |e|Å
per lateral unit cell across each MoSSe monolayer. When
several layers are stacked together, these dipoles add up
and generate a potential gradient in the direction perpen-
dicular to the film. The evolution of the band structures
of MoSSe multilayer structures forN = 1−6 are shown in
figure 1. The band structures are obtained with the PBE
functional31. Interestingly, the band structures change
dramatically with N despite of the fact that wave func-
tions on neighbouring layers hybridize only weakly due to
the weak vdW bonds. For N ≥ 4 the band gap vanishes
and the Fermi level intersects the valence band maxi-
mum (VBM) at the Γ-point and the conduction band
minimum (CBM) at the K-point of the lateral 2D Bril-
louin zone. The bands located on the top and bottom
layer are colored red and blue, respectively. Clearly, the
charge transfer occurs between the outermost layers of
the structure.
The insulator-metal (IM) transition occurs when the
built-in potential difference between the top and bottom
layers exceeds the band gap, EG. At this point the CBM
moves below the VBM resulting in a net positive (nega-
tive) charge in the top (bottom) layer. This shift in the
charge density creates a dipole in the direction opposite
to the intrinsic dipoles of the MoSSe layers. The effect
is clearly visible from the difference in the electrostatic
potential on the two sides of the multilayer structure, see
figure 2c. In the same figure we show a qualitative sketch
of the charge transfer, the intrinsic dipoles of the individ-
ual monolayers, and the counter balancing dipole due to
the charge transfer (a). The potential difference across an
N -layer structure, ∆Φ(N), is seen to saturate at a value
around 2.2 eV. Adding more layers will increase the po-
tential difference created by the internal dipoles (which
simply add up). However, after the onset of the IM tran-
sition any increase in the internal dipole will be coun-
terbalanced by surface charges transferred between the
outermost monolayers. The number of layers at which
3FIG. 1. Bandstructures for the 1-6 layer Janus structure. Red and blue shows the bands projected onto the top and bottom
layers respectively, while all layers in between are colored gray. Faded blue or red indicates a high hybridzation between
neighbouring layers. From there one can see a direct band gap for the monolayer MoSSe at the K point, while all multilayer
structures have an indirect band gap from Γ to K, with the valence band maximum and conduction band minimum located at
the bottom and top layer respectively.
this insulator-metal transition occurs is approximately
NIM = EG/∆Φ0 + 1, (1)
where ∆Φ0 is the potential difference across a single layer.
For the MoSSe monolayer we find ∆Φ0 = 0.76 eV and
EG = 1.54 eV, yielding NIM = 3, in good agreement
with the band structure calculations in figure 1. We note
in passing that, due to the well known underestimation of
the band gap by the PBE xc-functional, NIM might also
be underestimated. In fact, using the G0W0 calculated
band gap for monolayer MoSSe of 2.33 eV, we obtain
NIM = 4.
For N > NIM the charge density at either of the two
surface layers can be estimated from a simple plate ca-
pacitor model,
σ(N) = ⊥∆Φ0
d
(
1− NIM
N
)
, (2)
where ⊥ is the dielectric constant of bulk MoSSe in
the out-of-plane direction, ∆Φ0 is the potential differ-
ence created by a single layer, and d is the interlayer dis-
tance. We have calculated the dielectric constant within
the random phase approximation (RPA) for bulk MoSSe
and obtain ⊥ = 3.680 (see methods section for fur-
ther details). The prefactor in eq. (2) corresponding to
the charge density in the limit N → ∞, then becomes
σ(∞) = 2.3 · 1013 e/cm2.
We next turn to an analysis of the charge separation
ability of the Janus structures. Upon light illumina-
tion, electron-hole (e-h) pairs will be generated within
the structure. Due to the small spatial overlap of the
wave functions in neighbouring layers, the generated e-h
pairs will predominantly be of the intralayer type. The
photoexcited e-h pairs will thermalise rapidly on a sub-
pico second timescale32. In comparison e-h recombina-
tion in similar TMD structures without build-in electric
fields occurs on time scales of at least several ps33–35.
At room temperature, the e-h recombination is domi-
4FIG. 2. a) Qualitative sketch of the charge transfer at four layers with the intrinsic dipole moment shown below and the dipole
moment due to the charge separation above. b) sketch of the p- and n-doping of the outermost layers. c) Difference between
the workfunction on either side of a N -layer Janus structure calculated from the PBE bandstructure.
nated by defect assisted processes and consequently sig-
nificantly longer e-h lifetimes are expected for highly pure
samples. After thermal relaxation, the resulting non-
equilibrium distribution includes hot electrons and holes
with energies above the band gap as well as bound exci-
tons. The hot electrons and holes will separate efficiently
in the large build-in electric field. Consequently, we fo-
cus on the bound excitons which are more difficult to
dissociate.
Excitons in layered TMD structures have binding en-
ergies in the range 0.5 eV (isolated monolayers) to 0.1 eV
(bulk), which are significantly larger than kBT at room
temperature. The crucial first step of the exciton dis-
sociation process is the transformation of the intralayer
excitons into an interlayer exciton with the electron and
hole located on neighbouring layers. This process re-
quires that the energy of the interlayer exciton is equal
to or lower than the intralayer exciton. In the absence of
an electric field, this condition is never satisfied because
of the weaker e-h binding energy in the spatially sepa-
rated interlayer exciton36. However, in structures with a
built-in electric field this energy difference can be over-
come by the band offset between neighbouring layers.
To determine the conditions for exciton dissociation,
we calculate the binding energies of intra- and interlayer
excitons in stacked MoSSe as a function of film thickness.
We use a 2D Mott-Wannier model, which has been shown
to yield accurate binding energies for excitons in mono-
and few-layer TMDs20,37,38 as well as for interlayer exci-
tons in vdW heterostructures21. The 2D Mott-Wannier
Hamiltonian takes the form[
−∇
2
2D
2µex
+W (r‖)
]
F (r‖) = EbF (r‖), (3)
where µex is the exciton effective mass and W (r‖) is
the electron-hole interaction energy. The exciton effec-
tive mass is defined as µ−1ex = m−1e +m−1h , where the hole
and electron masses must be evaluated at the band ex-
tremum of the relevant layer. Assuming direct (i.e. zero-
momentum) excitons, both the electron and hole masses
should be evaluated at the K-point of the BZ yielding
an exciton mass of µex = 0.24m0. We stress that Eq.
(3) remains valid in the case of interlayer excitons be-
cause, even though the electron and the hole are now
spatially separated in the out-of-plane direction, their
motion is still confined to their respective layers. On the
other hand, this spatial separation affects the screened
electron-hole interaction W . We calculate W using the
Quantum Electrostatic Heterostructure (QEH) model8
to include the additional screening from the surrounding
layers. We obtain binding energies for intralayer exci-
tons in the center of the film in the range of 0.38 eV
(for N = 3) to 0.23 (for N → ∞) and interlayer exciton
binding energies from 0.29 eV (for N = 3) to 0.15 (for
N →∞).
In figure 3 we show the difference in binding energy be-
tween the intralayer and interlayer excitons in the central
layers of an N -layer MoSSe structure (green symbols)
∆EB(N) = EintraB (N)− EinterB (N) (4)
The black curve shows the band offset between two neigh-
bouring layers of the structure, as shown in the inset.
The two curves cross around N = 17 indicated by the
red dashed line. For structures thicker than this critical
thickness, the difference in exciton binding energy cannot
be overcome by the band offset and the exciton cannot
dissociate (more precisely, the driving force for exciton
dissociation is strongly reduced).
5FIG. 3. Difference in intralayer exciton binding energy (EintraB ) and interlayer exciton binding energy (EinterB ) in green for
the central layer and band offset between neighbouring layers in black also for the central layer in a N layer structure. At
the crossover between the two curves at around N = 17 layers, the interlayer exciton is no longer energetically favourable and
exciton dissociation cannot take place. This critical limit is shown by the red dashed line. The inset shows the definition of
the band offset between neighbouring layers.
The above analysis is based on a picture where exci-
tons are composed of electrons and holes bound to spe-
cific layers. Alternatively, we can describe the excitons
by a homogeneous anisotropic 3D Mott-Wannier model
where the layered nature of the Janus structure is ac-
counted for by using different dielectric constants and
effective masses in the in- and out-of-plane directions.
Such a model was developed in Ref. 39 and applied to
bulk TMDs. Using input parameters from first-principles
calculations the model yields binding energies, EB , of
83 meV and 52 meV for bulk MoS2 and MoSe2, respec-
tively, and exciton radius in the out-plane directions (a∗0)
of around 1.1 nm and 1.4 nm. Assuming similar val-
ues for bulk MoSSe, the characteristic field strength at
which this exciton dissociates, EB/a∗0, becomes roughly
0.1 V/nm. It can be seen that the result for the critical
thickness obtained with this homogeneous anisotropic 3D
model is in reasonable agreement with the result obtained
with the layered 2D exciton model. In fact, by extrap-
olating the results we find the internal field strength to
reach 0.1 V/nm at around 30 layers. We stress that ac-
cording to Ref. 39 the exciton dissociation rate for out-
of-plane field strengths of 0.1 V/nm is well above 1013 s−1
for both direct and indirect excitons in both MoS2 and
MoSe2. From this we conclude that exciton dissociation
in MoSSe Janus structures up to the critical thickness of
17 layers occurs much faster than the exciton recombina-
tion which is characterised by rates < 1012 s−1.33–35.
In this paper we have focused on the charge separation
ability of MoSSe Janus structures. This property is essen-
tial for a number of opto-electronic devices including pho-
todetectors and solar cells. The latter application might
seem impossible considering the band structures in figure
1 which shows a decreasing band gap reaching zero for
N > 3. However, one should keep in mind that this is the
situation in equilibrium. Upon excitation charge carriers
excited in the interior of the pn-junction will separate
due to the build-in field and electrons (holes) will move
to the n (p) side of the structure. This charge imbalance
will create a dipole opposite to the build-in field (just like
the charge transfer creating the p and n surface doping
in equilibrium). The size of the non-equilibrium charge
distributions will determine the achievable photo-voltage
which is given by the difference in the (quasi-)Fermi levels
of electrons and holes, respectively. The size of the non-
equilibrium charge distributions, and thus the achievable
voltage, will depend on the carrier lifetimes (limited by
recombination processes) relative to the rate of charge
separation. Assuming a conservative recombination rate
of 1 ps, the critical field strength at which perpendicular
exciton dissociation in bulk TMDs dominates the recom-
bination is 0.01 V/nm39, which is easily achieved in the
stacked Janus structures, cf figure 3. We conclude that
it should be possible to realize finite photo-voltages in
stacked Janus structures, even for films with N > NIM.
The situation is illustrated in figure 4.
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FIG. 4. Sketch of the dissociation of excitons. In a) is shown
the band alignment at equilibrium, while b) shows the exci-
ton dissociation after photo-excitement and the correspond-
ing quasi-Fermi levels. The spatial separation of the holes and
the photo-excited electrons sets up an opposite dipole, which
again opens a band gap.
We mention that other applications of (stacked) 2D
Janus structures could be envisioned such as the tunnel
diodes, e.g. to separate light absorbing layers in multi-
junction solar cells, tunnel field effect transistors40, or
for tuning band alignment or Schottky barriers in van
der Waals heterostructures41.
Finally, we show that finite out-of-plane dipole mo-
ments in 2D materials are not limited to the MoSSe
monolayer. We have performed DFT calculations for a
number of monolayers with similar structures and chem-
ical compositions as MoSSe. The results of these cal-
culations, including the atomic structure, total energies,
electronic band structure and much more, are directly
available in the Computational 2D Materials Database
(C2DB)42. For the monolayers found to be both dynam-
ically and thermodynamically stable (according to the
criteria used in the C2DB and described in Ref. 42 we
show in figure 5 the relation between the G0W0 band
gap and the work function difference. We find a linear
relation between the work function difference and the in-
ternal dipole moment for the 5 structures sharing the
same geometry as MoSSe. We here therefore only show
the work function difference, which is the interesting pa-
rameter for an actual experimental realization. We note
in passing that BiTeI is known as layered bulk material
and should be easily exfoliable according to Ref. 43. In-
deed, BiTeI was recently exfoliated and studied in its
monolayer form44. Returning to figure 5 we observe a
large variation in the key electronic properties of these
Janus structures. This suggests that in addition to con-
trolling the number of layers in the Janus structure, it
is also possible to control the size of the build-in field
and therefore the surface layer doping level, by varying
the type of material. In particular, by combining differ-
ent 2D Janus layers into van der Waals heterostructures,
it should be possible to design not only the band align-
ment but also the build-in electric field and e.g. obtain
non-linear potential profiles.
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FIG. 5. Workfunction difference and G0W0 band gap for
five different TMD monolayer Janus structures with MoSSe,
the structure considered in this study highlighted in red, and
in green BiTeI which has a different structure than MoSSe
and the other 4 structures in blue which all share the same
structure as MoSSe. This shows that the charge transfer and
band alignment shift can also be controlled by the material
in addition to adjusting the number of layers.
IV. CONCLUSION
In summary, our first-principles calculations show that
2D vdW structures consisting of stacked Janus MoSSe
monolayers host a strong built-in electric field of about
0.1 V/Å. The electric field induces a staggered band
alignment throughout the structure, and at a critical
thickness of 3-4 layers, the CBM of the top layer meets
the VBM of the bottom layer triggering an electron trans-
fer between the outermost monolayers. The charge den-
sity on the surface layers of this natural vertical p-n junc-
tion can be tuned between about 5·1012 e/cm2 and 2·1013
e/cm2 by varying the film thickness (these values corre-
sponds to the cases of 5 and 17 layers, respectively). Us-
ing many-body GW calculations in combination with a
2D Mott-Wannier model we estimated the energy of in-
tralayer and interlayer excitons as function of film thick-
ness. These calculations show that for film thickness
below approximately 17 layers, the shift in band edges
at neighbouring layers exceeds the difference in binding
energy of the intra- and interlayer excitons and thus fa-
cilitates the spontaneous dissociation of photo-generated
intralayer excitons into spatially separated electron-hole
pairs. Based on these results we propose that Janus vdW
structures could be used as basis for ultrafast and ultra-
thin photodetectors or electrical diodes. In the future,
it would be interesting to explore the possibility of using
72D Janus structures to introduce highly local potential
gradients in intrinsic semiconductors without the need
for doping. This could be interesting for charge separa-
tion in solar cells or for tuning band alignment at the
interface between two different semiconductors.
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